Purpose: To compare the biomechanically-corrected intraocular pressure (bIOP) measured by the Corvis ST (Oculus, Wetzlar, Germany) with IOP measurements made by other commonly used tonometers; and to test the correlations between IOP measures and central corneal thickness. Methods: One randomly-selected eye from each of 94 healthy subjects was assessed. The bIOP was determined by the CorVis ST and compared with the IOP measurements made by standard Goldmann Applanation Tonometer (GAT: Haag-Streit AG, Bern, Switzerland), the Icare (Icare Finland Oy, Vantaa, Finland), and the Ocular Response Analyzer (ORA-IOPcc: Reichert, New York, USA). Corneal thickness was assessed by the Oculus Pentacam. The correlation between bIOP and the other devices and between CCT were assessed using the Pearson correlation test or Spearman's rho test accordingly to the distribution of these values. The Bland-Altman method and intraclass correlation coefficients (ICC) were used to assess the agreement of bIOP results with IOP obtained with other techniques. The limits of agreement (LoA) were determined as the mean difference ±1.96 SD of the mean differences. In all tests, the significance level was considered to be 0.05. Results: Mean and SD of the bIOP were 16.11±1.66 mmHg. Significant differences were found between the bIOP and other IOP measurements (GAT, 3.02±2.60 mmHg, p<0.001, Icare, 1.51±2.95 mmHg, p<0.001, IOPcc, 1.09±1.96 mmHg, p<0.001). The lowest and highest mean differences in IOP were with the IOPcc and GAT, respectively. Interestingly, there were no significant differences in bIOP, GAT-IOP and ORA-IOPcc between the eyes with thin or thick corneal thicknesses, with Icare-IOP being the only exception (p<0.001). Conclusion: The Corvis bIOP has a higher correlation with the IOPcc by ORA, which are also compensated for the effects of corneal biomechanics and have less association with corneal thickness relative to the uncorrected GAT and Icare measurements.
Background
Although interactions between intraocular pressure (IOP) and the biomechanics of the eye have been reported widely, 1, 2 IOP measurements that are not corrected for the effects of biomechanics are still commonly used in screening, diagnosis and follow-up of patients with glaucoma. Several tonometers have been introduced for measuring IOP, some of which were intended to address the biomechanics influence on IOP measurements. 3 These include the Goldmann applanation tonometer (GAT), and non-contact tonometers such as the Ocular Response Analyzer (ORA) 4, 5 and the Corvis ST, 6 all based on the applanation principle.
The GAT has been considered the reference standard for IOP measurement since its development in the 1950s. 7 Its design assumes a central corneal thickness (CCT) value of 520 µm, so the IOP measurement will be affected if a patient's CCT is different from this value. 8 Earlier studies have shown that not only the CCT but other geometrical and material parameters related to corneal stiffness should be considered in order to produce IOP measurements that were free of the effects of biomechanics. [9] [10] [11] Variations in biomechanical properties of the cornea have different effects on the measurement of IOP depending on the design of the tonometry device used. Therefore, changes in these corneal properties can lead to different extents of over-or underestimation of the IOP and may ultimately lead to wrong diagnosis or management of patients with glaucoma or ocular hypertension. 12 The Icare tonometer is based on the principle of rebound measurement (RBT: Rebound Tonometer) and uses a probe for instantaneous mild contact with the cornea. [13] [14] [15] In this situation, IOP is determined by the contact time with the cornea and the retardation in the speed of the probe. [13] [14] [15] There are currently two devices available for in vivo assessment of corneal biomechanical parameters in the clinic, the Ocular Response Analyzer (ORA, Reichert Ophthalmic Instruments, Buffalo, NY, USA) and CorVis ST (Oculus Optikgeräte GmbH, Wetzlar, Germany) have been introduced for in vivo evaluation of the corneal biomechanics. 16 The newer device is OCULUS Corvis ® ST, which integrates tonometry and pachymetry data with the corneal biomechanical response of the cornea. Assessing these parameters allows Corvis ST to correct for both factors and provide a biomechanically corrected IOP (bIOP), which has been shown clinically and experimentally to be less affected by corneal thickness and age than GAT and the uncorrected Corvis IOP readings. 3 Also, in cases with altered biomechanical properties such as following kerato-refractive surgeries or cross-linking; the bIOP was able to provide similar IOP readings that were similar to the pre-surgery estimations. [17] [18] [19] [20] Given that corneal biomechanical properties influence IOP measurement, and with recent evidence that the bIOP exhibits the least affected IOP measurement by corneal biomechanics, 21 this study was designed to compare the bIOP with IOP measured with other commonly-used tonometers to see how can these tonometers provide an IOP close to the actual IOP for diagnostic and therapeutic purposes in the clinic.
Methods
Ninety-four normal eyes were assessed in this retrospective clinical study. All stages of this study were conducted according to the tenets of the declaration of Helsinki. In addition, written informed consent was obtained from all subjects and the study was approved by the ethics committee of Mashhad University of Medical Sciences. (Code Number: 960298) Inclusion criteria were healthy eyes with no history of ocular and systemic diseases or medications that affect IOP, spherical equivalent (SE) ≤4.00 diopters and corneal astigmatism less than 3.00 diopters.
The eyes with any type of glaucoma, corneal dystrophy, keratoconus or keratoconus suspected, history of previous kerato-refractive surgery or glaucoma surgery, systemic disease (diabetes mellitus, blood hypertension, and connective tissue diseases), moderate to severe dry eye syndrome and history of contact lens use were excluded from the study. Another exclusion criterion was pregnancy.
The eyes were subjected to routine ophthalmic examinations including refractive assessments using auto-keratorefractometer (Topcon Corp., Tokyo, Japan), slit-lamp biomicroscopy and fundus examination. Also, Scheimplfug tomography with Pentacam HR (Oculus; Wetzlar, Germany) was used for measuring the corneal thickness at the corneal apex or center (CCT). In subsequent analysis, the corneas were divided into two groups with a small thickness (CCT <540 µm) and large thickness (CCT ≥540 µm) similar to an earlier study. 22 IOP was measured using four techniques including two contact tonometers; the Goldmann Applanation Tonometer (GAT: Haag-Streit AG, Bern, Switzerland), the reference standard in tonometry, 23 and the Icare (Icare ® TA01i, I-Care Finland Oy, Finland), one of the most commonly used tonometers in clinical practice. 14 Two non-contact IOP measurements were also obtained including the cornea-compensated IOP (IOPcc) by the Ocular Response Analyzer (ORA: Reichert Ophthalmic Instruments, New York, USA) 24 and the biomechanically-corrected IOP (bIOP) by the Corvis ST (Oculus, Wetzlar, Germany), both of which were intended to be significantly less dependent on corneal stiffness than the GAT. 12 The repeatability of IOP measurements by these four tonometers have been confirmed in earlier studies. 9, [19] [20] [21] [22] [23] [24] The uncorrected Corvis ST IOP measurements (IOPnct) and the Goldmann-correlated IOP (IOPg) produced by the ORA were collected during the study but not used in the analysis as they were not corrected for the effects of biomechanics. 21, 25 As IOP assessment with GAT was done following local anesthetics with Tetracaine 1%, GAT was always used last. IOP measurement using the other devices where anesthesia was not needed was done randomly. While IOP was measured using GAT and Icare by an experienced ophthalmologist (MRS), tonometry with ORA, and Corvis ST was performed by a well-trained and experienced operator (NM). All measurements were performed from 4 PM to 6 PM to ensure the stability of the results, 26 and were taken with the participants in a sitting position. A rest time of five minutes was adopted between measurements to ensure recovery from the aqueous outflow. 27 Data were analyzed in SPSS.17 software (SPSS.Inc, Chicago, USA). Assessment of the normal distribution of quantitative data was done using the Kolmogorov-Smirnov test. The repeated measures ANOVA (or within-subject ANOVA analysis) was used to compare the mean IOP obtained with different tonometers and the Bonferroni test for pairwise comparison. In this analysis, the dependent variable was IOP and independent variable was the measurement method (or tonometry device). The results were reported using the F-statistic [F(df methods , df error )= F-ratio, p= p-value]. The software calculated the F-ratio by dividing the mean squares for the experimental effects (methods) by the error mean squares. Also, SPSS displays the significance level for the F-ratio. Due to the inhomogeneity of variance the assumption of sphericity was not met, therefore the degrees of freedom (df) were corrected using Greenhouse-Geisser estimates of sphericity. Correlation of bIOP, which was reported to provide more accurate estimates of the true IOP, 21 with IOP measurements was assessed using the Pearson correlation test or its non-parametric equivalent. The independent sample t-test or its non-parametric equivalent was used to evaluate the difference in IOP in the thin and thick cornea groups. The Bland-Altman method 28 and Intraclass correlation coefficients (ICC) were used to assess the agreement of bIOP with other IOPs. ICC values of 0-0.2, 0.3-0.4, 0.5-0.6, 0.7-0.8 and more than 0.8 were considered indicators of poor, fair, moderate, strong and near perfect agreements. 29 The limits of agreement (LoA) were determined as the mean difference ±1.96SD of the mean differences. In all tests, p-values less than 0.05 were considered significant.
Results
The 94 participants included, twenty-six (27.7%) males and sixty-eight females (72.3%). The mean age was 30.55±6.04 years (range: 20-46 years). The mean IOP measurements and the pairwise comparisons between them are listed in Table 1 . Table 1 shows that the highest IOP was the bIOP (16.11±1.66 mmHg), while the lowest was the GAT (13.08±2.64 mmHg). The lowest and highest standard deviations of measured IOP were related to the bIOP and Icare measurements, respectively, Figure 1 . The results also show a significant difference between mean IOPs obtained with different tonometers (F (2.496, 232.135) = 41.804, p< 0.001), where the Bonferroni test was used for the pairwise comparisons.
With recent evidence presented of bIOP being the least affected IOP measurement by corneal biomechanics, 21 Icare, GAT and IOPcc readings were compared to the bIOP in Table 2 . Table 2 shows that the least mean difference (−1.09 mmHg) and the highest agreement (±3.84) with bIOP were related to the IOPcc, which was intended to correct for corneal stiffness. 3, 30 With attention to ICC, the least agreement with bIOP was with GAT and the strongest agreement was with IOPcc. Also, there was a significant correlation between IOP measurements with the Icare, GAT, and IOPcc with bIOP using the Spearman correlation test. (p< 0.05) "Further, Bland-Altman plots demonstrate the mean IOP difference between the two tonometers as a function of the mean IOP of these two devices. In other words, the IOP difference between each two tonometers and the bIOP was plotted against the mean of the same tonometer's IOP measurements and the bIOP. (Figure 1 ) In each plot, the DovePress mean difference between the two methods is marked with a horizontal solid line, while the 95% limits of agreement and regression line are marked with horizontal and oblique dashed lines, respectively. Figure 1 : It is apparent that in all plots, more than 95% of the difference between bIOP and the IOP measured with other tonometers was within ±2SD of the mean difference in IOP with two methods. The lowest agreement band or the highest agreement with bIOP was obtained with IOPcc. Also, the highest percentage of zero mean difference (5.4%) was related to the results of bIOP and IOPcc.
The correlation results of different IOPs with the central corneal thickness (CCT) obtained by the Pentacam were Icare: r s = 0.355, p= 0.003, GAT: r s = 0.177, p= 0.087, bIOP: r s = 0.125, p= 0.231, and IOPcc: r= 0.210, p= 0.042. These results show that IOP measurements by Icare and IOPcc were significantly correlated with CCT, unlike GAT and bIOP. Further analysis of these results, which considers the mean IOP with different tonometers in thin (<540 µm) and thick (≥540 µm) corneas, is presented in Table 3 . Table 3 shows a significant difference in IOP measured in thin and thick corneas with Icare (p= 0.001) while GAT, bIOP and IOPcc did not show significant differences in measured IOP in corneas with a small and large thickness. (p> 0.05) The highest difference in measured IOP was with Icare (2.10 mmHg), while the lowest differences were with GAT (0.63 mmHg) and bIOP (0.77 mmHg).
Discussion
This study showed that among the measured IOPs; the least variation based on the range from IOPs was related to bIOP. The lowest mean difference and the highest agreement with bIOP were observed for the IOPcc. IOP measured with the most commonly used tonometer in clinics, GAT, is influenced by various corneal morphological factors and especially corneal biomechanical properties. 3 Various studies were designed to compensate as much as possible for these factors and to estimate an IOP near the actual intraocular pressure, their efforts led to introduction of various devices such as the Dynamic Contour Tonometer (DCT), the Ocular Response Analyzer (ORA) and more lately the CorVis ST which provides biomechanically corrected IOP using the finite element modeling. 31, 32 Eliasy et al (2018) determined the true IOP in ex vivo condition in the cadaver eyes using a pressure transducer and reported no significant difference between the true IOP and bIOP with a mean difference 0.3 mmHg while the non-corrected IOP measured using Corvis (IOPnct) had a significant difference with a mean difference 7.5 mmHg. 21 The present study did not show a significant difference in the determined bIOP in the corneas with different thicknesses, like this lack of correlation were reported previously in ex vivo pressure assessment in human enucleated eyes 21 and also in comparison of the bIOP before and after different corneal refractive surgery techniques, laser in situ keratomileusis (LASIK) and refractive lenticule extraction small-incision lenticule extraction (SMILE), transepithelial photorefractive keratectomy (PRK) and transepithelial PRK combined with accelerated corneal cross-linking. 17, 19 These studies showed that the bIOP in contrast to the other IOPs derived using different tonometry methods such as GAT was not significantly affected by tissue subtracting refractive surgery techniques.
Therefore this may be considered as a significant milestone in the short and long-term follow-up of these patients that may be at risk for glaucoma over the next few years with attention to the fact that each 100 µm change in the corneal thickness was associated with a measurement error 0.7-7.1 mmHg and each 1 mmHg increase in the IOP raised the glaucoma risk by about 10%. [33] [34] [35] Acceptable repeatability and reproducibility in bIOP assessment were reported in 32 normal cases with an age range from 18.6 to 64.2 years old. 36 Comparing bIOP with GAT showed that the bIOP was approximately 3 mmHg higher than GAT which is in contrast to the previous studies reported lower IOP using CorVis than GAT with a mean difference 1.3 mmHg. 6 This difference can be attributed to the age range difference, 23-75 years old versus 20-46 years old in the present study.
One limitation of this study was no including the dynamic contour tonometer (DCT) for comparative purposes since there is a view that the measured IOP using this tonometer is less affected by corneal stiffness properties compared to other tonometers. Also, this study was only conducted in healthy eyes and repeating these comparisons in patients with normal and low tension glaucoma and subjects with ocular hypertension is suggested for future researches.
Conclusion
The accurate IOP measurement is an essential part of the evaluation of glaucoma. In-vivo assessment of the corneal biomechanical properties and the ability to adjust IOP based on these parameters shows that using the conventional tonometers may lead to inaccurate tonometer readings and ultimately incorrect identification of those at risk. Given that most of the current definitions and protocols available in clinical protocols are based on GAT, the results of this study showed that the obtained results using this tonometer should be taken with caution, especially in the suspicious eyes.
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